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Contacts  Between  Chalcogcnkle  Glasses,  Metals 


and  Semiconductors 


The  two  main  purposes  of  the  research  here  described  are  to 
elucidate  the  mechanism  of  threshold  switching  and  to  explore  new 
possibilities  through  the  use  of  contact  materials  which  can  be  electron¬ 
ically  altered  in  situ. 


In  pursuit  of  these  objectives, 
followed.  They  are  concerned  with 


four  lines  of  rcccarcli  have  been 


ift)  the  nature  of  the  ON -state, 

(b)  the  effect  of  semiconductor  electrodes  and  contact  asym¬ 
metry  on  the  switching  process, 

■  (c)  the  statistical  nature  of  threshold  switching,  and 

(d)  scaling  problems,  i.  e.  the  variation  of  switching  param¬ 
eters  with  thickness  of  the  chalcogenide  glass  film. 

The  last  sub-project  is  still  in  its  initial  stages,  and  will  be  reported  on 

when  the  work  is  a  little  more  advanced.  The  first  three  sub-projects  are 

covered  by  Appendices  A,  B  and  C  of  the  present  report.  These  Apixjn- 

dices  are  papers  now  ready  for  publication.  In  addition,  Appendi.x  D  repre 

0 

sents  a  review  paper  presented  at  the  European  Semiconductor  Device 
Research  Conference,  Munich  (Germany)  in  March,  1971. 


2. 


Amoii'.';  the  highlights  of  recont  results  are 

(a)  the  discovery  of  a  ’’blocked  ON -state”,  of  high  resis¬ 
tance  but  operationally  quite  distinct  from  the  OFF- 
state  and  convertible  to  tlie  normal  ON-state  without 
the  necessity  of  going  through  any  threshold  switching 
process,  and 

(b)  the  discovery  of  a  sharp  boundary  (in  terms  of  applied 
voltage)  which  separates  the  statistical  operating  re¬ 
gime  from  a  sharply  defined  regime. 

The  current  measurements  are  performed  in  part  on  threshold 
devices  of  commercial  origin  (provided  by  Energy  Conversion  Devices, 
Inc.  ,  through  the  courtesy  of  Mr.  S.  R.  Ovshinsky)  and  in  part  on  sys¬ 
tems  locally  made  from  clialcogenide  alloy  (also  supplied  by  E.  C.  D.  )  by 
flash  evaporation  and  sputtering.  The  results  continue  to  support  a 
primarily  non-thermal  interpretation  of  threshold  switching,  as  out¬ 
lined  in  the  detailed  papers. 


APPENDIX  A;  ’’Nature  of  the  ON-state  in  Clialcogenide  Glass 

Threshold  Switches”,  by  R.  W.  Pryor  and  H.  K.  Ilenisch. 


APPENDIX  B:  ’’Statistical  Aspects  of  Threshold  Switching”,  by  S.  Lee 
\  and  H.  K.  Henisch 


APPENDIX  C:  ’’Characteristics  of  Ovonic  Threshold  Switches  wiih 

Crystalline  Semiconductor  Electrodes”,  by  H.  K. 

Henisch  and  G.  Vendura,  Jr. 

APPENDIX  D;  ’’Amorphous  Semiconductor  Switching”,  by  H.  K.  Henisch. 
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APPENJDIX  A 


Nature  of  tho  ON-state  in  Chalcogonidc  Glass  Throsliolcl  Switclios 

by 

R.  W.  Pryor  and  H.  K.  Honisch 
Materials  Researcli  Laboratory 
The  l\?nnsylvania  Stale  University 
University  Park,  Pennsylvania  1G802 


GERMAN  ABSTRACT 

Diirch  Uberlagerung  von  voriibergelionden  Spannungspulscii,  wtlhrend 
ein  Dlinnfilm-Glaslialbleitcreleinent  sich  im  AN-Zustand  befindet,  ist  die 
kurzfristige  Strcm-Spainiungskennlinio  des  AN-Zustanclsfadens  ftlr  zwoi 
verschiedene  Arten  von  Graphitclektroden  gemessen  worden.  Mit  beiden 
Eloktroden  VAirden  Schichten  aus  Te^QAs^i^Gei^Sijg  von  ungefahr  i/x  Dicke 
verwendet.  Aus  den  Resultatcn  kann  man  die  Lebensdauer  der  freien 
Ladungstiilger  wiiluend  oiner  Untorbrechung  des  AN-Zustandes  aijleileii. 
Solange  noch  solche  Ladunsgtriiger  ubeiTcben,  kann  der  AN-Zustand  ohne 
neuen  Schaltprozess  wieder  hergestellt  werdon.  Wenn  der  AN-Stroin  sich 
seinem  Minimalwert  naliort,  dann  nahert  sich  seine  maxinial-zuUissige 
Unterbrechung  auf  Null.  Es  wird  aus  den  Beobachtungen  geschlosscn,  dass 
der  Verfall  von  Ladungstriigern  in  Haftstellen  dem  Verfall  freier 
Ladungstrhger  mit  einer  Zeitkonstante  von  etwa  1/i  Mikrosekunde  folgt. 

Die  kurzfristige  Stroni-Spannungskennlinie  des  AN-Zustands  hiingt  vom 
Elektrodenmaterial  ab.  Die  gegenwartige  Arbeit  unterstiitzt  die  eleklronische 
Deutung  von  Schwellenspannung-Schaltungsvorgangen  in  amorphen  Halbleitern. 


Nature  of  the  ON-state  in  Ch:tlcoe;cnidc!  Glass  Threshold  Switches 


by 

R.  W.  Pryor  and  H.  K.  Honisch* 
Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  Pennsylvania  1G802 


ABSTRACT 

By  superimposing  transient  voltage  pulses  during  the  ON -state  of  a 
threshold  switching  cycle,  the  transient  voltage-current  characteristic  of 
the  ON-state  filament  has  been  determined  for  two  types  of  switching  sys¬ 
tems,  using  different  forms  of  graphite  electrodes.  Both  systems  em¬ 
ployed  --Ip.  films  of  Tc^QASjjgGe,,Sijg  a.s  the. active  material.  From  the 
data,  the  lifetime  of  free  charge  carriers  following  cessation  of  the  ON-statr. 
can  be  inferred.  Until  the  free  carrier  decay  is  complete  the  ON-state  can 
be  re-established  without  any  switching  process.  As  the  ON-current  ap¬ 
proaches  the  minimum  holding  current,  the  maximum  permissible  interrup¬ 
tion  period  approaches  zero.  It  is  concluded  that  the  decay  of  non-equilibrium 
carriers  in  trapping  centers  follows  the  decay  of  free  charge  carriers  until 
complete  equilibrium  is  restored  (after  Ipsecs  approximately).  It  is  shown 
that  the  transient  ON-state  characteristics  are  dependent  on  the  electrode 
material.  The  conclusions  heavily  reinforce  electronic  interpretations  of 
threshold  switching. 


♦Also  affiliated  with  the  Department  of  Physics. 


1.  Introduction 


In  previous  papers  (1-4)  concerned  with  the  mechanism  of  threshold 
switching  in  thin  chalcogenidc  glass  films,  it  was  concluded  (liat  the 

ON-state  involves  a  gross  electronic  disequilibrium  According  to  present 
understanding,  this  disequilibrium  is  maintained  by  carrier  injection  (pre¬ 
sumably  at  both  contacts  but  not  necessarily  to  the  same  extent),  against  the 
prevailing  recombination  mechanism.  If  the  curi’ent  density  drops  below  a 
ceitain  value,  then  recombination  'wins’  and  the  system  returns  to  the  OFF- 
state.  This  explains  at  least  qualitatively  the  existence  of  a  well  defined 
minimum  holding  current  I^^jj  (Fig.  Id).  It  has  long  been  known  (5,  6)  that 
the  ON-c.urrent  is  filamentary  and  that  the  potent  ial  drop  along  ilie  filanient 
prevails  largely  near  the  contacts.  These  arc  not  assumptions,  but  arc  neces¬ 
sary  inferences  drawn  from  the  facts  that  (a)  ON-currents  are  independent  of 
superficial  electrode  area,  and  (b)  ON-resistanco.s  depend  only  slightly  on 
film  thickness.  Beyond  that,  the  nature  of  the  ON-state  has  long  remained 
somewhat  of  a  mystery.  The  experiments  described  below  should  prove  help¬ 
ful  towards  acliieving  a  more  complete  understanding.  Most  were  carried  out 
on  encapsulated  switches*  based  on  Ip  thick  films  of  Te^QAs2gGc.,Sijg 
starting  material,  deposited  on  two  highly  polLshed  electrodes  of  pyj'olytic 
graphite  by  vacuum  evaporation  and  later  assembled  into  a  "double  film 
sandwich".  The  high  conductivity  direction  of  the  graphite  was  perpendicular 

♦Supplied  by  Energy  Conversion  Devices,  Inc.  ,  through  the  courtesy  of 
E,  A,  Fagen  and  R.  Shaw’. 
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to  llio  film  surface.  A  few  measurements  were  performed  on  locally  pre¬ 
pared  (un-oicapsulated)  switches,  made  by  RF  sputtering  the  same  alloy 
onto  (a)  grapliitc;  substrates  as  described  above,  and  (b)  clean  (electrically 
isotropic)  solidification  surfaces  on  vitreous  graphite.  In  both  cases,  the 
films  were  )jrobed  with  pyrolytic  graphite  contacts.  The  three  types  of 
systems  thus  differed  in  structure,  as  shown  by  (a),  (b)  and  (c)  on  Fig.  1. 


^ •  Qpo national  Considerations 

If  the  ON-state  is  completely  interrupted  for  a  very  short  time,  it 

can  be  re-established  w’ithout  a  new  switching  process.  The  maximum  value 

of  t^  for  which  this  can  be  done  under  prevailing  conditions  will  be  called 

(t  .)  ^  The  corresponding  voltage-time  and  current-time  relationship  is 
s  niuX 

shown  in  Fig.  2.  If  the  interruption  is  slightly  longer  (Figs.  3a  and  b),  a 
new  switching  process  takes  place  iqwn  reimposition  of  the  voltage.  This 
switching  process  is  characterized  by  a  lower-than-normal  threshold  voltage 
Vths’  sufficiently  long  values  of  t^,  the  full  original  value  V,j,pj  is 
restored.  This  form  of  behavior  is  shownon  Fig.  3c. 

It  is  important  to  note  that  the  precise  shape  of  these  relationships  is 
influenced  by  the  operational  conditions  and,  in  particular,  by  the  prevailing 
overvoltage.  In  principle,  this  is  related  to  the  total  duration  (t^)  of  the  test 
pulse  following  the  interruption  (Fig.  3a).  The  smaller  t  ,  the  larger  will  be 

Ir 

the  effective  overvoltage  when  the  ON-pulse  is  restored.  For  the  present  mea- 


sureinents,  we  always  have  t  »t.,^  ,  which  means  that  the  effective  ovcr- 
voltage  is  close  to  zero.  These  conditions  contrast  with  those  reported  in 
a  previous  paper  (4  )  whicli  was  concerned  mainly  with  the  measurements 
at  a  fixed  value  of  t^  (2  mici-oseconds).  Such  conditions  imply  a  substan¬ 
tial  overvoltage,  trying  with  t,.  Moreover,  before  one  can  designate  a 

»!> 

time- interval  :is  a  switching  delay,  one  needs  a  safe  criterion  for  switching' 

as  such.  When  ^11  presents  no  problem.  When  the  two 

voltages  are  comparable,  as  they  are  for  small  values  of  t  ,  voltage  transients 

s 

arising  from  specimen  and  stray  capacitances  can  simulate  switching  processes 
(i.  e.  can  themselves  cause  voltage  peaks)  and  thereby  lead  to  cri’oneous  con¬ 
clusions.  To  avoid  these,  it  is  necessary  to  observe  current  as  well  as 
voltage  as  a  function  of  time.  When  switching  proper  occurs  (Fig.  2b),  the 
current  shows  a  rapidly  decaying  transient  when  the  switching  voltage  is  first 
applied.  After  that,  the  current  remains  close  to  zero,  until  the  switching  de¬ 
lay  is  over;  then  it  rises  very  rapidly  to  its  stable  ON  value.  In  the  present 
work,  switching  delay  t^^  is  defined  by  reference  to  this  time  interval  on  the 

US  —I  ■ 

current  trace,  a  relationship  v.'hich  is  much  less  likely  to  be  disturbed  by 

transients  tlian  the  simultaneous  voltage  trace. 

Measurements  of  (t  )  depend  also  on  the  external  circuit  cajxici- 

s  max 

tance  This  is  so  because,  following  an  interruption  of  the  ON-state, 

there  is  a  certain  amount  of  charge  exchange  between  the  switching  system  and 
^ext'  shown  that,  contrary  to  intuitive  expectation,  the  larger 


and  (ho  sinallor  any  I'oni.sta.noe  that  may  bo  in  series  with  it,  the  more 

rapidly  will  llio  artor-(dfccts  of  the  ON-state  decay  during  its  interruption, 

Accordinglv,  (t  )  diniinishos  with  increasing  C  as  can  be  simply 
s  max  ext 

demonsiralod  by  niea.surcments  during  which  varying  ballast  capacitances 
arc  connect cd  in  parallel  with  the  specimen.  Tlie  absolute  value  of  (t  ) 
is  therefore  clearly  defined  only  as  an  extrapolation  to  =  0, 


The  Transient  ON-chnracteristic  (TONC) 

The  nature  of  the  ON-state  cannot  be  fully  explored  by  display  pro¬ 
cedures  which  yield  Fig.  Ic;  much  more  information  can  be  obtained  by 


puLse  moasuj enienls  of  tl:e  kirid  shown  in  Fig.  3,  especially  since  can  have 

any  value,  positive  or  negative.  By  varying  V  ,  while  keeping  t  <  (t  ) 

s  s  s  max 

so  as  to  avoid  renewed  switching,  a  "transient  ON-characteristic"  (TONC)  is 
obtained,  as  showm  in  Fig.  4.  For  small  departures  from  the  original  opera¬ 
ting  point,  the  TONC  of  the  evaporated  double-film  units  (Fig.  la)  coincides 
with  the  normal  (stable)  ON-characteristic.  Because  of  the  short  pulse  duia- 
tion  (low  power  dissipation)  tlie  voltage-current  relationship  can  be  pursued 
over  a  much  wider  current  range  than  the  systems  can  tolerate  under  steady- 
state  conditions.  For  small  negative  departures  from  the  original  operating 
point  +Vqj^,  the  current  diminishes  very  rapidly,  so  much  so  tliat  (for  some 
external  circuit  conditions)  there  is  the  appearance  of  a  current  jump.  How¬ 


ever,  there  is  no  reason  for  believing  that  zero  current  (or,  at  any  rate,  an 


0./^ 


excceciLngly  low  current)  is  not  in  fiict  smoothly  iippronchcd  at  Ak 

'  V  tends  via  zero  to  -V^ri  the  currojit  remains  zei’o.  At  -V„.  theia?  is  a 
s  fr  II 

very  rapid  current  increase,  similar  to  that  observed  in  llu>  first  quadrant 

but  with  a  slope  somewhat  steeper  than  that  of  the  standard  rela- 

OI\  ON 

tionsliip.  In  accordance  with  Fias.  ?.  and  4,  the  interval  -V,,  <V  N. -tV.. 
represents  a  condition  und('r  which  the  liij-di  Ci'io’ier  dis(>quilibriu;n  chaiac- 
teristic  of  the  ON-state  still  prevails,  but  the  current  is  nevorthcdcss  zero 
or  close  to  it.  This  condition  might  be  called  a  "blocked  ON-slate",  and  is 
clearly  quite  different  fi'om  the  .sta.ble  Ol-’F-state,  even  though  both  are  high 
resistance  states.  From  the  stable  OFF-chra’Uctoristic,  the  OK-state  can 
be  reached  only  through  a  threshold  switching  pruceSb.  From  any  point  of 


the  TONC  of  these  particular  switches,  on  the  other  hand,  the  oiigin.al  ON- 
state  is  immediately  restored  when  the  probing  pulse  ceases.  Even  for  the 
highest  negative  pulses,  a  direct  transition  from  a  positive  ON-state  to  a 
negative  ON-state  and  back  is  evidently  possible,  without  going  through  any 
OFF-state. 

The  TONC  of  'home-made'  single  film  switches  made  with  two  pyro- 
litic  graphite  contacts  is  very  similar.  However,  films  deiwsited  on  vitreous 
graphite  show  very  different  characteristics  (Fig.  5).  In  particular,  it  lacks 
the  "blocked  ON-state"  condition,  and  shows  a  certain  amount  of  asymmetry. 

Figure  3c  shows  how  the  threshold  voltage  behaves  as  a  function  of  t  . 

s 

The  points  in  regions  A  and  B  satisfy  the  switching  criterion  discussed  in 


7./? 


Seel  ion  1;  the  bioken  lino  ropresonts  Iransienf  po:iks  which  do  not  satisfy 
ii.  In  Fij.’;.  Ga  tlu;  inaxinuini  ponnissil)lG  t  ,  value  for  which  renewed  switch- 
ill",  is  still  avoirled  |  i.  o.  (t  )  1  after  complete  ON-state  interruption  is 

liloiled  ap'aiiist  Ihe  ori|';ina.l  ciii*rent  1^^^  (see  F'i[;.  Id).  The  results  sui.-.g-est 
that  increasiirv  eui'rent  involves  at  least  some  increase  in  current  density 
and  hence  an  increase  in  tlio  de^^ree  of  carrier  ciisequilibrium.  In  a  pre¬ 
vious  (‘1)  experiment  (limited  to  t .  -  0.  6/iscc)  no  such  increase  could  be 

s 

detected.  It  is  now  known  that,  under  the  conditions  of  that  experiment, 

(t  )  was  0.  2/isocs  and  it  will  be  shown  (see  below)  that,  in  the  circum- 
stances,  a  positive  result  cannot  be  expected.  The  present  experiments, 
rcaclini"'  sinaiior  t  valuo.s  and  bein>>;  conducted  essentially  without  overvol- 
tap;e  offer  the  necessary  conditions  for  detection.  The  results  also  show  that 
^^s^max  operating  point  approaches  the  minimum  liolding 

current 

Figure  6b  shows  hov/ (t  J  depends  on  V  .  As  long  as 

s  nin^x  5 

current  flows  and  (tg)j^.jj^j^  therefore  comslant.  As 
approaches  -  Vqj^,  niust  obviously  lend  to  infinity.  For  +Vjj 

and  ^^s\iiax  smoothly  and  rapidly,  as  one  'Vveuld 

expect.  The  .small  amount  of  asymmetry  shown  by  the  curves  is  not  at  this 
time  believed  to  bo  significant. 

Experiments  of  this  kind  permit  us  also  to  test  whether  the  lcm|X'ratuiH« 
of  the  system  shows  any  appreciable  rise  during  the  ON-period.  Thi.s  is  dune 
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by  varying  the  epoch,  t  ,  of  the  interruption  t,  (Fig,  2).  Over  most  of 

0  s 

the  ON-j^eriod,  (t  )  and  lienee,  presumably,  the  temperature  are  in- 
b  max 

dependent  of  t^,  as  seen  in  Fig.  7.  For  very  small  values  of  t^^  tliere  arc 
changc.s,  but  these  cannot  be  ascribed  to  (omporature  with  any  certainty 
because  the  pulse  edges  tend  to  overlap  under  these  conditions.  In  this 
region,  the  results  are  questionable.  Tn  the  same  way,  over  most  of  the 


t  range,  also  independent  of  t  ,  The  results  show  that  if  there 

e  ’  THS  *  e 

is  any  temperature  change  while  the  ON-state  prevails,  it  must  be  over 


after  tlic  shortest  time  interval  ft  +  (t  )  1  acce.'^siblc  by  this  method. 

t  can  be  made  as  small  as  0,  1/isec,  and  (t  )  lend.s  to  zero  as  tends 
e  I  )  \  s'j-nax  ON 

to  as  shown  on  Fig.  Ga.  In  practice  some  margin,  implying 

(t  )  =0.  Ipsec  is  desirable,  which  makes  the  sliortest  total  interval 

'  s  max  ’ 

0.  2iLxsec. 


4.  Temperature  Dependence 

The  minimum  holding  current  has  been  found  to  diminish  with  in¬ 
creasing  ambient  temperature.  This  is  also  shown  in  Fig.  5a  and  can  be  in¬ 
terpreted  as  follows.  In  accordance  with  a  model  previously  prcqxised  (1,4) 
the  ON-state  corresponds  to  a  condition  under  which  all  electron  traps  have 
captured  electrons  and  all  hole  traps  have  captured  holes,  the  two  types  of 
traps  being  present  in  equal  concentrations  on  the  basis  of  the  Cohen- 
Fritzsche-Ovshinsky  band  theory  (7).  ’’All”,  in  this  connection,  means  all 


9.^ 


the:  ti’Mps  caixiblc  of  hnkliiur  carriers  at  (lie  temperature  concerned,  i.  o. 
traps  which  are  sop i rated  from  the  mobility  edges  by  more  than  kT. 

With  increasing  ambient  teniperature,  the  number  of  traps  effective  in 
this  way  obviously  diminishes,  and  so  docs  the  current  which  is  neces¬ 
sary  to  keep  tlicm  full. 

The  transient  ON-characteristics  (in  the  above  sense)  examined 
at  lowei'  temperatures  (e.  g.  -78‘'C)  show  beliavior  identical  with  those  ob¬ 
served  at  room  temperature,  whereas  tlireshold  voltage  and  minimum 
holding  current  (sec  above)  are,  of  course,  temperature  sensitive.  The 
results  can  be  interpreted  as  meaning  that,  in  the  short  time  interval 
(t  )  h.ere  considered,  no  redistribution  of  carriers  in  traps  is  involved, 
since  any  such  process  would  be  expected  to  be  temperature  sensitive  and 
to  affect  Vrpjjg. 


5 .  Discuss  ion  and  Conclusions 

A  conclusion  which  may  be  derived  from  results  of  the  kind  shown 
on  Fig.  3c  is  tliat  two  distinct  relaxation  processes  are  at  work  following 
the  interruption  of  an  ON- state.  One  of  these  is  relatively  fast  (e.  g.  0.  1  to 
0.  4  microsecond)  and  is  concerned  with  the  decay  of  free  carriers.  This 
follows  from  the  fact  that  the  ON-state  can  be  fully  restored  without  re¬ 
newed  switching  within  such  a  time  intcr\Til.  The  exact  magnitude  of  this 
time  interval  depends  on  the  interrupted  current  and  hence,  presumably,  on 


the  density  of  the  free  carrier  concentration  prevailing  before  the  inter¬ 
ruption.  The  other  pi-ocoss  is  slower  (c.  g.  1.  0  -  1.  2  inicro.second)  and 
is  presumably  concerned  with  the  recombination  of  non-equilibrium  car¬ 
riers  in  traps.  After  a  time  interval  of  that  order,  the  original  equilibrium 
eondition  (and  hence  the  original  threshold  voltage)  is  restored  almost  com¬ 
pletely.  [Some  s’linall  residual  effects  can  be  ob.servcd  a.fter  longer  time 
intervals.  These  will  be  dealt  with  in  a  future  pair-r.  ]  If  11k  interruption 
is  short,  then  the  initial  nonequilibrium  population  ))revailing  in  the  ON- 
statc  (or,  at  any  rate,  a  significant  part  of  it)  remains  in  the  traps.  This 
advances  the  starting  point  of  the  subsequent  switching  event  a)^d  thereby 
lowers  the  threshold  voltage,  as  compared  with  ti)e  value  which  ordinarily 
governs  transitions  from  the  OFF-  to  the  ON-slate.  This  interpretation  is 
in  liarmony  with  the  findings  of  Haberland  (8)  on  the  necessity  of  a  fixed 
amount  of  charge  storage  before  switching  can  occui.  It  is  also  in  agree¬ 
ment  with  the  temperature  independence  of  the  TONG  mentioned  above. 

An  interpretation  of  the  TONG  itself  (and  its  correlation  with  struc¬ 
tural  features)  is  obviously  more  complicated,  but  a  tentative  picture  can  be 
formulated.  It  is  known  from  obser\’ations  by  Ovshinshy  (9)  that  asym¬ 
metric  contact  structures  can  lead  to  unequal  values  of  the  minimum  holding 
current  L,„  in  the  two  directions  of  current  flow.  Similarly,  Henisch  and 
Vendura  (10)  have  shown  that  highly  asymmetric  holding  voltages  (V^)  can 


be  obtained  under  such  conditions.  Both  sets  of  observations  and  results  re- 


ported  by  Altuny.ui  ;ind  Stuicov  (11)  indicute  that  the  ON-state  is  sonsilLve 
to  the  i)recise  iiatui'o  of  tlio  contacts.  This  is,  inter  alia,  what  one  would 
e.xpect  from  the  potential  profile  (curve  a)  .shown  in  Fig.  8.  The  hip;h  field 
regions  ai’ise,  presuinaddy,  from  some  kind  of  barrier,  through  which 
electrons  and  holes  tunnel.  At  this  stage,  nothing  precise  is  known  about 
their  shape  and  nature.  Complete  electron-hole  symmetry  is  assumed,  if 
only  for  want  of  any  definite  evidence  to  the  contrary,  but  this  assumption 
is  not  essential.  When  transient  probing  pulses  are  applied,  the  potential 
profile  must  become  distorted,  and  because  of  the  high  internal  ON-state 
conductivity,  any  such  e.xperiment  is  primal ily  a  test  of  barrier  behavior. 

Tn  Ihe  divpciion  of  increasing  applied  voltages  (curve  b),  the  distortion  tends 
to  make  the  barriei'S  thinner  and  thus  more  highly  conductive.  For  the  sys¬ 
tems  with  pyrolytic  graphite  electrodes,  tunneling  strongly  suggests  itself  as 
the  prevailing  mechanism  of  charge  transfer  because  of  the  steepness  of  the 
corresponding  V-I  relationship  which  also  tends  to  make  the  system  self- 
stabilizing  (compare  Fig.  4). 

Since  the  TONC  (Fig.  4)  is  symmetrical,  it  is  necessary  to  conclude 
that  the  prevailing  space  charge  configuration  is  also  symmetrical  with  respect 
to  applied  voltage.  The  transition  from  fo  can  be  achieved  within  a 
time  too  short  to  be  measured  by  the  available  instrumentation  (50  n  sec).  It 
follows  that  the  since  charge  adjustment  from  profile  (a)  to  profile  (c)  on 
Fig.  8  must  likewise  be  very  fast.  In  view  of  the  large  number  of  free  car- 


riors  prcKcnt,  this  is  not  aitogothcr  surprisin';. 


Tho  situation  is  los.s  dear  ivilhin  the  vollauo  ro'aon  -V„<V„<V  . 

Figure  4  suggests  tliat,  in  that  region,  the  harrier  is  too  line.!:  to  pass  any 

current.  The  question  is  why  there  .should  be  a  L'arrier  al  a!!.  Figure  8 

does  not  contain  this  information  explicitly  because  it  is  c  niccrneci  only  v.'ilh 

the  manner  in  which  the  external  potential  difference  is  distributed.  Since 

no  (or  very  little)  current  is  flowing,  it  follows  tiiat  whatovei’  barrio  s  may 

exist  for  V,,  =  '' V„  are  mjiintained  in  .‘-"ome  form  when  temporarily 

-Vjj<Vg  ^  +  Their  survival  time  must  be  at  Ica.sl  as  long  as  Ihe  lifetime 

of  the  free  carriers  within  the  bulk  of  the  film,  .since  no  measurable  change  of 

curi'cnt  is  observed  during  (t  )  .  Though  tin'  OFl- -state  and  the  "blocked 

ON-state"  are  both  characterized  by  high  resistance^:,  the  functional  and 

operational  differencCvS  between  the  two  states  arc  cIcl  and  unmistakeable. 

As  shown  on  Fig.  5,  the  TONC  of  systems  made  with  one  pyrolytic 

and  one  glassy  graphite  electrode  is  ’’soft".  This  means  that  the  nature  of 

the  barrier  is  evidently  sensitive  to  the  contact  material.  It  is  not  yet  known 

why  it  should  be  so;  differences  in  barrier  height  may  be  responsible. 

Under  the  present  test  conditions,  the  magnitude  of  th.e  filamentary 

ON  -current  determines  the  magnitude  of  the  electronic  disequilibrium, 

using  (t  )  .  as  a  symptomatic  criterion.  The  results  on  Fig.  6a  suggest 

S  lllilX 

that  the  current  density  increases  with  increasing  current,  but  not  in  propor¬ 
tion.  The  lack  of  proportionality  could  be  due  to  a  progessive  increase  of 
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fihuviont  diameter  winch  v.’ould  tend  to  heop  the  current  density  more 
nearly  (but  not  entirely)  constant. 
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FIG.  1 


FIG.  2 


FIG.  3 


!•' i [;urc  Ca  pUpiis 


Sy.sloni  coiif iguration.g  and  schematic  thrcsliold  switching 
cliaracloristics. 

(a)  'double-film'  system. 

(b)  'single -film'  system,  asymmetric  contacts. 

(c)  'single-film'  system,  symmetric  contacts. 

(d)  voltage -current  relationship  observed  under  AC 
conditions. 

Film  thickness 
Contact  area  ~20/j.  diam. 

Vth  “  threshold  voltage. 

Imh  “  niinimum  holding  current. 

Vqj^  =  operating  point  after  switching. 

Short  interniption  of  the  ON-state. 

f, 

(a)  shape  of  pulse  voltage  across  system. 

(b)  current  through  the  system  for  t  <(t„),  and 

s  s  nio-x 


Long  interruption  of  the  ON-state. 

(a)  shape  of  pulse  voltage  across  system;  t  variable. 

D 

(b)  current  profile  corresponding  to  (a)  when  t^.>(t 

b  s  nicix 

and  -Vjj<Vg<+Vjj. 
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FIG.  4 


FIG.  5 


FIG.  6 


FIG.  7 


(c)  versus  t  roiatiouship. 

TIIS  s 

Region  A:  ON-stale  re-established  after 

switching  at  the  original  lhi’e.s.ho)d 
voltage 

Region  B:  OM-.state  re-e.slablislicd  after 

switching  at  a  reduced  threshold 
voltage 

Region  C:  Switcliing  process  not  well  defined, 


if  defined  by  voltage  criteria  above. 


Region  D:  ON~state  re-established  v'thout 


I  4  /-•  V>  1  *■»  XT’ » » «• 

O  tv  ili&4  ^ 
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Typical  transient  ON-characleristics  of  threshold  switches  for 
t  <(  t  )  :  'double-film'  system  as  shown  on  Fig.  la  and  Ic. 

Typical  transient  ON-characteristics  of  threshold  switches  for 

t  <(t  )  ;  single  film  system  as  shown  on  Fig.  lb. 

s  s  niHX' 

Relationships  between  maximum  permissible  ON-state  interrup¬ 
tions  (t  )  original  ON-state  current  (I^.J  (‘0  systems 
voltage  Vg.  (b)  Double  film  .system  (Fig.  la). 

Maximum  permissible  ON-state  interruption  as  a  function  of 
epoch,  for  different  ON-currents.  Double-film  system  (Fig.  la). 
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FIG.  8 


SclioniuLic  roprcsentatiou  of  potential  proi'iics  within  the 


aniorphou.s  somic.oiKluclor  film  during  the  ON-stato. 


room  toinporature 


Fig.  4 
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APPENDIX  B 


0)1  Iho  Tim^'-cloldv  i!)  Chalcofvoiidc’  Glass  Tlirosliold  Sv/iiches 


by 

S.  IT.  Leo,  IT.  Iv.  Hoiii.sch*  and  W.  D,  Burgess 
Malcrials  Research  Ijaljoralory 
Tlie  Pennsylvania  Slate  Univer.'Uty 
Unlver.sity  Park,  Pennsylvania  16302 


ABSTILVCT 

It  is  slunvn  that  two  distinct  operating  regimes  exist,  a  low  voltage 
regime  (close  to  the  threshold  point)  under  v.diich  the  switching  delay  is 
subject  to  substantial  fluctuations  and  a  high  voltage  regime  (high  over¬ 
voltages)  for  which  the  delay  is  closely  determined.  The  results  suggest 
that  iiio  origin  of  the  scatter  lies  not  primarily  in  the  ineclianlsiu  whereby 
the  tliro.shold  point  Is  approached  but  in  the  transient  and  serni-permanent 
after-effects  of  previous  sw-itching  events.  These  after-effects  can  be  de¬ 
tected  in  terms  of  a  diminished  pre-threshold  conductance. 


Introduction 

Threshold  switching  processes  in  a  variety  of  amorphous  semi¬ 
conductors  (1)  and  especially  in  clialcogenide  glasses  (2)  have  been  exten¬ 
sively  studied  in  recent  years.  Hov/ever,  altliough  many  important  obser¬ 
vations  liave  been  available  for  some  time,  the  fact  tliat  these  processes 
are  statistical  in  character  lias  received  very  little  attention.  When 


*also  affiliated  with  the  Department  of  Physics. 


sv.'ilcitos  ;i)’G  reijoaledly  "adclrcGsod"  with  jmisGS  oi  coiislant  ’/otla'^o  iincl 
subGtaulial  duralion,  the*  Gtatisticul  characlor  Ghcv.aj  itself  as  e.  ;  ra'cad 
ill  the  o]iS('rvcd  swiicliiiif’' delays;  wliea  sv’itclies  :\n^  adrivc'::s:‘c!  v.’iUi  volt- 
iif;c  pulses  of  fixed  widUi  and  adjustable  amplitude,  it  shov, s  itself  as  a 
sju'cad  in  flic  observed  s.viLCbin;';  olts<.>:e  V.  The  t\.'0  variation.-,  are 
{jiveu  sclicnud  is  ally  in  Fij;*.  1,  wliich  also  shows  tlxat  (lie  (mean)  sv, 'itch¬ 
ing  delay  t^.^  is  a  funclion  of  tlic  ai)plicd  voltage  V.  This  relationship  I  .'is 
been  represented  (M,4)  by  the  empirical  cqu.ation 


(1) 


v/jiero  t..^  and  V  are  conslant.s,  and  Vr„„  is  the  ilii e.slioh'l  ^'o]tagc,  be- 
low  which  switching  is  nol  ordinarily  ob;;er\a‘d  (see  below),  Oa  the  basis 
of  various  assum])Lions,  ccpi.  (1)  has  also  been  derived  from  oj)eration'!] 
models  of  threshold  .swiiching,  c.  g.  one  involving  a  charge-conirollec! 
double  injection  process  (5),  and  one  involving  thermally  af^sisied  double 
injection  coupled  with  a  field-dependent  bulk  conductivity  (G). 

Since  t^^  is  the  subject  of  a  statistical  distribution,  it  is  reason¬ 
able  to  explore,  whether  this  arises  from  a  corresi^onding  fluctuation  of 
Vth'  course,  if  is  defined  as  the  lowest  voltage  at  which  sv.  itch- 
ing  is  ever  ob.scrvcd,  then  there  can  be  no  such  fluctuation.  In  pi’actico, 
however,  and  for  simple  operational  reasons,  is  usually  taken  as  the 

"most  probable"  switching  voltage,  and  that  practical  dcfiu.ition  luavi'S 
scope  for  fluctiuiiion-s.  When  V  is  large,  such  fluctuations  ai-e  obvimmly 
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upJniport.iiil,  l,"jl  tlie  o  vo  i  vo  It  a  t;(‘  coiicc  pt  coiisos  to  have  a  precise 

iiieniiiiij';' Y.'luai  V  and  are  com  parable. 

All  the  results  hei  e  discu.sred  were  oblained  on  enca))Sula(od 
threshold  swilclics'",  eonristin^;-  of  i’nin  ('^1/0  chalc;o;!;onide  t;bss  films 
beiv.'ren  polislr-d  j,;raphik;  elcclrodes.  Tlie  films  ha.d  been  prepared  by 
vaeuiun  evapoialion.  iisii)*;’  To  ,  „Si,  oGe,,As„,.  as  starting;  material.  11  is 
kncvvT,  il'.'it  the  ])ropcrtie:'5  of  5aich  switc.hes  (e:r.cep(  for  aspects  connected 
witli  worlang  life')  do  not  dei)cnd  .at  ail  sensitively  on  composition,  and  the 
results  should  tl’crefore  have  a  more  {general  validity  than  a  single  com- 
po.sitinn  would  su‘;[;'('st.  For  temperature  runs  the  specimems  were  irn- 
iners('d  in  a  lie  a  id  bath.. 


2.  Exi)erimcntal  Results 

In  general  the  threshold  switcliing  delay  time  shows  not  only  a  scat¬ 
ter  but  also  a  systematic  drift.  The  latter  is  most  prevalent  in  new  speci¬ 
mens,  especially  if  large  ON-currents  are  permitted.  By  using  small  cur¬ 
rents,  and  pulse  repetition  frequencies  smaller  than  1000  per  second,  the 
drift  can  bo  made  negligibly  smaller,  and  this  was  aone  in  the  experiments 
here  presented. 

Figure  2a  shows  a  series  of  switching  time  delays  associated  with  a 
hunclrccl  successive  events  at  each  applied  voltage.  Each  event  was  pro- 


*obtained  from  Energy  Conversion  Devices,  Inc. ,  through  the  courtesy  of 
Mr.  S.  II.  Ovshinsky. 
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ducod  by  means  of  a  sint;lo  voltaj^e  pulse  of  G//.see  (iuratio)i  at  30  sec  iji- 
tcrvals  and  of  a  fi:-;ed  am]jlilude  close  to  tlie  threshold  voltage  (over¬ 
voltage  <0.  f)  volts). 

If  con.  (1)  v/erc  the  only  rcleva.nt  relationship  ajid  the  only 
fluctuating  quality,  then  it  v/oiild  frdlow  that  tlie  uncertainty  At^^  would  be 
directly  ))ioporliojial  to  t^^,  i.  e. 

Figure  2a  shows,  howovc}-,  that  this  is  not  the  eases  There  i.s  no  statis¬ 
tical  regime  at  all  for  small  values  of  t^^.  As  the  overvoltage  ciiminishes, 
the  ojiset  of  .scatter  is  very  sudden.  Moreover,  the  locuts  of  )neiin  valiuns 


is  not  a  continuation  of  the  high  voltage  rclalionshi 


I'lC  Cci.se* 


invo.stigation,  ~  2  volts,  'iO.  2  volts  ;ind  the  longest  delay  t^^  = 

4/J.sccs.  This  would  give  Atj^  =  0.  4/iSccs  wlKO'eas  the  observed  value  is 
about  2  secs.  Figure  2  also  shows  lh(>  temperature  dependence  of  the 


V-tj^  relationship.  The  width  of  the  statistical  regime  decreases  towards 
higher-temperatures.  Its  general  form  follow.s 

NjyN„=exp(-tyg  (3) 

where  /N^  is  the  probability  of  encountering  a  delay  of  time  t^^,  and  t^ 
is  a  constant.  ICquation  (3)  is  well  obeyed  except  at  high  values  of  t^^^  where 
Nf  /N^  diminishes  sharply.  The  results  also  show  that  for  ON-currents  less 
than  about  6mA,  the  spread  of  tj^  values  and  their  mean  value  remain  con¬ 
stant  during  a  long  series  of  successive  switching  events.  For  higher  cur- 
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roils  15niA  or  moio)  thero  is  a  siibstanlial  increase  in  scatter  and 

also  a  syslciiK  tic  drift  towards  lii^^hcr  ''.alues  as  the  number  of  events 
incrca;>es. 


3.  I')iscusHion 

Tile  results  slioiv  that  there  arc  two  distinct  switcliiiv^  regimes: 
a  low  voltage  (close  to  tliresJiold)  ixigimo  of  slatislical  character  and  a  high 
volt  age  regime  in  which  the  switching  lime  is  closely  defined.  The  statis¬ 
tical  1  nature  of  ;3v.'i(ching  at  V  can  itself  be  regarded  as  a  proof  of 

the  fact  that  switching  is  not  primarily  due  to  self-heathig.  At  room  leni- 
pc-iaiL'iie,  eommunly  fluciuutes  by  a  factor  of  2,  and  at  low  temperatures 
by  as  much  as  4,  as  shown  in  Fig.  ?a.  Since  the  threshold  cnrrciii  is  al¬ 
most  constant,  tliis  implies  fluctuations  of  input  energy  by  the  same  factor, 
and  corresponding  variations  of  the  maximum  temperature  reached  in  the 
course  of  self-heating.  If  thermal  filament  formation  due  to  self-healing 
wore  the  essential  cause  of  switching,  there  would  seem  to  be  no  conceivable 
reason  for  such  a  pronounced  random  fluctuation  of  the  energy  requirements. 

It  i.s  evident  that  close  to  V  ~  the  switching  conditions  (possibly 
the  length,  condition  or  location  of  the  ON-stalc'  filament  in  the  course  of  its 
formation)  arc  not  closely  defined.  Increasing  over-vollagos  imply  ulti- 
makdy  an  increasing  local  lemperaUirc,  even  if  the  switching  mechanism  at 
V  ~  essentially  noii-thormal.  The  inevitable  result  of  increasing 

the  applied  vollage  would  therefore  be  a  more  precise  localization  of  the 


swilcliing  evcMil  and  a  cor.ic,‘Si)ondin‘;  i'0(iuction  of  Howovor,  (here 

io  no  reiiGon  for  bolieving'  that  Hits  pi-occoo  shonld  set  in  very  al))’iii)t]y. 
as  shoY,')!  on  Fie;.  2a  (con side riivj;  the  loriaritliinic  scale).  7'lws,  altlionp;!! 
heatin'^  may  play  some  localizin”;  I’olo,  it  is  mf).ro  j.dainriblo  to  coiiclude 
that  tv/o  dislincL  electronic  proce.sses  arc  at  worl..  This  i.s  ;il.so  indi¬ 
cated  by  the  disconlijiuities  in  the  t^^  versus  V  j’oliitionships  on  Fig.  2a. 

At  lov.'  voltages  the  tv.'0  rnochanir.ms  nriy  bo  taken  to  compote  v;i(li  one  an- 
oihei’;  at  high  voltages  the  process  responsible  for  the  fluctunl ion.s  evi¬ 
dently  dicappoai\s. 

The  epiestion  of  wliat  these  processes  are  cannot  as  yet  be  unequi- 
vuca.!.)iy  answei'od,  but  .suine  geueiai  cuiimienls  can  be  made.  In  previoc.b 
work  (7,8),  ’’complete  trap  filling”  ims  been  pj-oijosf  d  a.s  the  criterion  for 
tlic  threshold  point,  and  .still  appears  as  the  mo.st  rippropriate  assinniAioi. 
However,  different  meclianisnis  can  be  envisaged  v.-hereby  thi.s  state  i.s 
reached.  One  of  these,  im|xict  ioni/aition,  is  favored  by  Hindley  (9), 
Rocksladt  (10),  and  Mott  (11);  another  is  trap-to-trap  hopping,  as  proposed 
by  Fritzsche  (12),  Yet  another,  favored  by  low  temperature,  is  space 
charge  overlap,  as  suggested  by  Henisch,  Fagen  and  Ovshinsky  (7).  Of 
these  processes,  impact  ionization  is  the  most  ’’obviously  ctalislical”  but 
difficulties  are  encouutered  on  other  grounds,  e.  g.  because  V,pj^  0  as 
T  -»  and  also  because  of  the  observed  relationships  between 


and  film  tliickncss. 
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111  Ih-'.'i'o  is  ;u)  ulteinLil ivc  ixis.sibilily,  niiiiu'ly  Unit  llic 

.sl;i!  isticM.l  1  li.cliuil  if.'ii  i  omiUs  not  from  tlu'  pocu) iarilies  of  the  oxollatioii 
nu'char.isni  il  '('h.  I'ut  fi'oin  (ho  residual  consequences  of  the  previous 
svileliin;',  exan  (.  II  is  LiiO',.n  (13)  Orvl  11k;  pre-lhreshold  resistance  of  u 
switch  is  ri'cic.caai  hy  a  previous  sv.'itchin!:^-  ovcnl,  A  )ai'[;e  part  of  this  re- 
(hiclion  is  vei  y  liori-lived  ('••  l//scc),  but  n  lart  lingers  demonstrably  for 
up  (o  sox'oral  niiniitc.s  an.d,  below  the  limits  of  measurement,  presumably 
for  loiidon.  In  .‘•'.onie  way  not  yet  understood  (but  under  active  invosticia- 
lioii),  a  (hrnshold  .switch  i.s  in  a  differenl  'state'  after  each  switching  event, 
('iOi  'j-  becau.se  of  a  rc'-diLdritmtiou  of  residual  charge  or  because  of  some 

V  4  r  iULiiUA  .,1  L  1  Vi  s.  V  VL4.  tVi.  V  All  '  i  i  •  J.ll  t.lVllV.-4.  it  VVOltiU  iUi  V  lO  C11.J’ 


sumed  (hat  llie  effect  is  obliterated  when  a  sufficiently  high  vollagc  is  ap¬ 


plied.  The  random  nature  of  the  fluctuations  would  seem  to  favor  a  non- 
stnictural  interpretation,  e.g.  possibly  one  dependent  on  carrioi'  trapping 
in  associadion  with  (he  compositional  heterogeneity  of  the  materials  (14, 15). 


Whereas  the  role  of  the  excitation  process  in  producing  fluctuating  threshold 
conditions  remains  uncertain,  tlie  fluctuating  aftei’-effects  arc  not  in  doubt 
and  are  bound  to  influence  subsequent  switching  events. 
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Fij^uro  ciiplions 


FKi.  1  Schc’ni.tlic  rcprosontution  of  statistical  Ihi’cshold  switching  as¬ 
pects.  (a)  constant  voltage;  spread  of  delay  time.*;,  V  V'l’j.j* 
(li)  constant  delay  lime;  .spread  of  switehang  voltages,  (c)  rela- 
tioiLSliip  Ijetween  applied  voltage  and  switching  time  t^^ 


FIG.  2  Characteristics  of  statistical  switching  effects,  (a)  distinct 

high  and  low  voltage  regimes.  =  13.  5  volts  at  293'’K  and 

16.  5  volts  at  210“K.  Dots  denote  mean  values,  (b)  effect  of 
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ABSTPvACT 


The  paper  describes  asymmetric  thresl'.old  sv.’itchin'j;  piieno- 
meiia  observed  on  thin  films  of  (^-  2  to  1.  Oji),  de¬ 

posited  by  flash  evaporation  on  crystalline  Go  and  surface  probed  by 
means  of  a  pyrolytic  graphite  counter -electrode.  "Dynamically  tri- 
stablo"  systems  can  be  made  in  (hi.s  way.  The  asymmetries  are  re¬ 
versed  for  n-type  and  p-type  Ge.  Suitably  blared  systems  can  be 
switched  by  illumination.  The  dil'fercnces  between  the  present  re¬ 
sults  and  those  obtained  on  conventional  threshold  switches  v/ith  two 
graphite  electrodes  call  for  an  interpretation  in  terms  of  electronic. 
Interface  phenomena. 


The  voltage-current  switching  characteristics  of  Ihreshold  de¬ 
vices  based  on  multicomponent  chalcogcnide  glasses  and  graphite  or 
metal  electrodes  are  well  knov/n  (o.  g.  1-4),  Such  effects  arc  ob.servcd 
for  a  wide  variety  of  alloy  compositions  and  their  detailed  fcaturc'.s 
(aixirt  from  operational  life)  do  not  ordinarily  depend  on  the  choice  of 


♦also  affiliated  with  the  Department  of  Physics. 
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tho  oloclrodos  in  any  ncnsitivo  way.  Hownvcr,  changes  in  the  cha- 
1  acterislics  can  inahc  thcvnsolvc:;  fc^ll  after  repeated  vise,  as  a  result 
of  diffusion  and  choniical  interaction.  It  is  conceivable  that  tlie 
variable  liolding  vollaiios  reported  by  Altunyan  and  Stafeev  (5)  ori¬ 
ginate  in  tliis  inaiinor.  The  situation  is  very  different  when  one  or 
oilier  of  tlie  electrodes  is  a  crystalline  semiconductor.  The  clial- 
cogenide  layer  (in  this  case  of  Te^QAs2j-Go.^Sijg)*  was  deposited  onto 
carefully  etched  substrates  of  single  crystal  germanium  by  flash  eva¬ 
poration.  X-i'ay  diffraction  measurements  confirmed  tlio  amorphous 
character  of  the  resulting  films.  Such  systems  lend  themselves  bet¬ 
ter  than  melals  to  an  investigation  of  the  role  played  by  the  electrode 
material,  because  of  (a)  thev/ider  range  of  carrier  concentrations  of¬ 
fered,  (b)  the  possibility  of  changdng  that  concentration  in  situ  by  ir- 
radhition  v.’ith  absorbed  light,  (c)  the  ix)ssibility  of  irradiating  the  con¬ 
tact  interface  with  infrared  light  (to  which  the  crystalline  material  is 
transparent),  and  (d)  the  opportunity  of  experimenting  with  n-type  and 
p-type  contact  systems.  Preliminary  results  show  that  such  systems 
exhibit  a  variety  of  phenomena  not  observed  with  metallic  electrode 
materials. 


Figure  1  shows  a  cross-section  of  the  specimens.  Typical 
switching  characteristics  of  thin  films  (^0.  2p  thickness)  on  n-type  Ge 
substrates  are  given  in  Fig.  2  (a  to  d).  Symmetry  was  observed  up  to 
and  including  threshold  while  the  ON-states  showed  asymmetry.  For 
p-type  substrates  this  asymmetry  is  of  opposite  polarity.  A  similar 
film,  simultaneously  deposited  on  a  graphite  substrate  and  tested  in  the 
same  way,  yielded  conventional  (symmetrical)  characteristics. 


^Obtained  from  Energy  Conversion  Devices,  Inc. ,  through  the  courtc.'sy 
of  Dr.  John  de  Neufville. 
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ObservalioDS  of  :i.syninK.'try  as  shown  in  Fi^.  2  suti;t;-esl  the 
possibility  that  one  inig'ht  bo  dealing  simply  with  a  non- interacting 
scries  co)nbinat  ion  of  a  conveid  ion;il  (symmetric)  switch  a.nd  a 
contact  rectifier,  the  rectifying  action  being  tiscri’oed  to  the  inter¬ 
face  botwoon  the  ronorphous  filjn  ar.d  Die  suljstrate.  However,  in¬ 
spection  shows  that  this  cannot  b('  tlie  case.  If  rectifying  action  v.ere 
to  prevail  at  lov.’  currents,  the  OFF-chaircteristic  v.'oulci  be  asyni- 
metrica),  and  thii'  is  not  oliservcd  (Fig.  2a  and  b).  If  roctific:  uon 
were  assumed  to  be  .ab.sent  for  low  and  present  only  for  high  currents 
(and  Bucli  an  assumption  woulci  be  perfectly  reasonable),  then  Uie  ON- 
stale.s  should  be  asymmetric  (as  actually  observed)  but  tlie  OFb  - slate 
should  have  identical  threshold  voltages.  In  fact,  a  threshold  point  is 
not  reached  in  the  first  epaadrant  until  mucli  higher  c.dornal  vollages 
are  applied  to  the  system  (Fig,  2c).  Moreover,  especially  in  tlie 
first  quadrant,  the  ihresiioid  current  and  the  minimum  holding  current 
in  the  ON~state  are  almost  equal  and  thus  not  subject  to  different  de¬ 
grees  of  control  by  a  series  rectifier. 


It  is  thus  clear  that  a  .simple  "non-interacting  rectificr-in- 
serics"  hypothesis  cannot  apply.  Nevertheless,  conduction  asymmetries 
one  aspect  of  the  overall  behavior.  According  to  their  direction,  it  is 
necessary  to  conclude  that  the  amorplious  layer  behaves  as  if  it  were 
"relatively  p-type"  compared  with  the  n-type  Ge  substrate,  and  "relatively 
n-typo"  compared  with  the  p-type  substrate.  This  is  qualitatively  in 
harmony  with  previously  formulated  models  which  assume  that  the  nmiti- 
component  chalcogonide  glasses  are  almost  intrinsic  semiconductors. 

It  is  necessary  to  ascribe  the  above  asymmetries  to  the  detailed  nature 
of  the  contact  interfaces  and,  in  particular,  to  the  differences  between 
graphite  and  germanium  as  contacting  materials.  On  the  basis  of  pre¬ 
vious  work  (6-8),  the  ON-conciilion  is  believed  to  be  sustained  by  a 
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double  injection  process.  Accorciiin^ly,  il,  would  be  necessary  to 
conclude  tint  Ge  (M\  the  one  hand  and  graphite  (or  similarly  condiicling 
materials,  such  as  Mo,  W,  etc,  )  on  t!ie  other  are  injecting  contacts 
of  vGi-y  iniec[ual  injecting  efficiency.  The  same  conclusion  is  sug¬ 
gested  by  liie  mag.nilude  of  the  observed  holding  voltages  (as  assessed 
by  extrap  jJalion  of  th.e  ON-chriractcristic  to  the  volttigc  axis).  On  con¬ 
ventional  ^  yslems  these  voltages  are  of  the  order  of  1-2  volts,  and  this 
was  found  to  bo  correct  when  the  particulai’  layers  here  used  were  leshed 
between  a  p:iir  ()f  graphite  electrodes.  On  the  systems  with  one  Go  and 
one  graphite  electrode,  the  holding  voltages  varied  between  2  and  10 
volts  in  tl.o  first  and  2  and  8  volts  in  the  third  quadrants  while  the  film 
thickness  v;uhos  from  0.  2/i  to  1.  9/r.  The  detailed  mechanism  of  these 
holding  voltage  relationships  remains  to  be  ascertained. 


Typica.l  char'icteristie^  of  thicker  switches  (o.  g.  1.  6  to  1.  9m) 
are  similar  to  those  shown  on  Fig.  2d,  but  <al\vays  with  symmetrical  OFF- 
.states.  For  these  systems  the  V-I  relationships  are  symmetrical  u))  to 
and  including  both  threshold  points,  whereas  the  ON-charncteristics  are 
not.  Again,  the  threshold  currents  and  the  minimum  holding  curremts  are 
almost  equal,  which  means  tliat  the  above  argument  concerning  rectifica¬ 
tion  must  apply.  Characteristics  of  the  type  shown  on  Fig.  2d  are  "dynam¬ 
ically  tristablo",  in  the  sense  that  they  have  one  stable  OFF-state  and  two 
distinct  quasi-stable  ON-states. 


For  the  effects  here  observed,  a  theimal  interpretation  is  im¬ 
plausible.  II  is  clear  that  the  first  order  thermal  properties  of  n-type  and 
p-type  substrates  are  the  same.  Theimal  interpretations  of  threshold 
switching  (e.  g.  9-11)  depend  on  the  magnitude  of  the  electrode  heat  sink  and 
therefore  lead,  in  the  present  circumstances,  to  the  expectation  of  ideniical 
characteristics.  This  is  contrary  to  the  observations  reported  above. 
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Thou^^h  soiiH'  dcgrc'(,  of  hcatini^-  it  inevitable  as  a  result  of  iiitenial 
power  (lissi))ation,  thu  i'esults  inciicale  that  Die  switchiu”-  nicclianisni 
must  bo  essentially  electronic.  This  is  in  harmony  v/ith  o.\perinK-nts 
by  the  "rare  cioulDle-pulse  tcclmique"  (7)  previously  cUu.-.cribed. 

The  tliiu  film  eharactorisiicns  described  above  were  found  to  he 
li;i'ht  se)isitive.  as  shovii  in  Fig.  3.  Inter  alia,  Diis  means  that,  loj’  a 
suitable  voltage  bias  close  to  threshold,  the  .switching  jn'oeess  can  be 
light  activated.  The  light  semsitivity  v;as  giaaitcst  at  low  temperatures 
(-70°C).  During  such  measurememts,  the  .specimens  were  completely 
immersed  in  alcohol.  Tests  showed  tiiat  incidental  healing  effects 
were  not  rospon.siblo  for  these  observations.  In  pi'inciple,  the  light  ei- 
fecta  could  thus  be  due  either  to  tlie  action  of  light -gt:n  crate  cl  camdcr.s  on 
the  Ge-amorphous  interface  oiq  more  simply,  to  pholocoiiduction  in  the 
germanium  layer  whicli  acts  inevitably  tis  a  s'.-rie.s  rosistam  c.  For  tlic 
latter  explanation  to  hold,  the  light  effect  on  the  specimen  voltage  at  a 
given  current  level  would  have  to  be  bymmotj’ical.  In  practice  (Fig.  I), 
the  light  effect  is  considerably  g;reator  in  the  third  than  in  the  first  quad¬ 
rant.  Thus,  although  iiholoconduction  no  doubt  plays  .some  part,  it  i:'>  not 
by  itself  sufficient  to  account  for  the  observed  behavior.  It  is  nocersary 
to  conclude  that  light  lias  an  effect  on  the  switching  mechanism  itself,  and 
the  most  plausible  point  of  interaction  is  the  Ge-amorphous  intcrfa.ce. 


Acknov/iedgements 

This  research  was  supported  by  the  Advanced  Re.searc’h  Project. s 
Agency  of  the  Department  of  Defense  and  was  monitored  by  G. 
Boghosian,  U.  S.  Army  Research  Office,  Durham,  N.  C.  ,  under  I'on- 
tract  No.  DAH  C0470C  0047.  The  authors  also  wish  to  thank  S.  Lee, 

S.  R.  Ovshinsky  and  R,  W,  Pryor  for  extensive  discussions. 


6.C 


S.  K.  OVSfllNSKY,  Phys.  Pt'v.  Letters  14[50  (10G8). 
II.  K.  llhK’rsClI.  Scu.'iitifie  American  221,  20  (1969). 


II.  FP.ITL.SCIIL  ;nid  S.  R.  OYFIIINSKA',  J.  Non-cry.st.  Solids  2, 
393  (1970). 


4.  i).  R.  IIALLRLAMD,  Solid  Slate  Electronics  1_3,  207  (1970). 

0.  S.  A.  AJ/rUMYAN  and  V.  I.  STAFICEV,  Soviet  Physics- 
Senuc'indiu'ior.s  4,  431  (1970). 

6.  ti.  K.  IlLL’ISCH.,  K.  A.  FAGEN  and  S.  R.  OVSHINSKY,  J.  Non¬ 
cry  si.  Solids  4,  533  (1970). 

7.  )l.  K.  IIEKTSCII  and  R.  W.  PRYOR,  Solid  Slate  Electj'onics  (in 
I'n’int)  (197J). 

8.  .R.  W.  PRYOR  and  II.  K.  HENISCH,  Appl.  Phys.  Lctlf'rsj^,  324 
(1971). 

9.  N.  CROITORU  tind  C.  POPESCU,  pliys.  slat,  solidi  (a)3.  1047 
(1970). 

10.  A.  C.  WARREN.  J.  Non-cryst.  Sol  id  .s  4,  613  (1970). 

11.  K.  W.  EOER,  G.  DOllLERatidS.  R.  OVSllINSKY,  J.  Non-cryst. 
Solids  4,  573  (1970). 


Fii^uro  Cnulioiis 
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Cross-  jjcciiop.  ol'  llu'  test  n.ssombJy.  Chp.lcc‘;oniil(' 
g]p!:‘S  0.  2  -  I.  C/J.  fi)ick,  Gc  (n-typo  or  0.  02  cm 

Unc);,,  with  low  Losisloiico  c.oiitLicl  iitlaclfod. 


Tyi-iica]  sv/itcliiir*-  chr  rr.ctcristics  of  Ihm  (■•'-0.  2,  )  film  sya- 
temfj  on  n-typo  Ge  rnb.otn'los.  Ertonnlly  api^liod  vuilapo 
(GO  iiz)  incroasos  from  (a)  to  (cl),  Tho  fir.b  cjuaclrajil  cor¬ 
respond;;  to  non.it ivc  pp'aidiito.  OFF-.‘dotcs  a.s  .sIk'Y.’ji  in  (d) 
?..re  insunlly  but  i’'Ol  ahvays  n.symmol  rical. 

Effect  of  liG;lit  on  sv/itching  clia ract{.'ri;.M ics  of  a  'thin' 

('--0.  2/i)  sy;3tcnj;  D  --  dark,  L  -  light.  Illumination  from 
below  as  shown  in  Fig.  1. 
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Fig.  3 
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pjiO!)(.';ncij''i  vi  v, hich  arc.-  olleii  cliacr.i's-.oci  under  tlie 

]oo--e].y  Jicadiny  of  ’’nA'/iicl.ijy;-''  Imve  l:  ’e):i  (jbr-er\(cl  in  liiin  filnn  nlrnc 

(iiren  o]'  inrvn;  diffcronl  )r/  iorial.s.  Switehinr;  j'r.iios,  sir-edr.  and  oilier  jxi- 
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swilchcn  limed  on  elndc-./enUie  fdarses  (l-d)  have  rcac))ed  l.he  clei:,reG  ol 
overiill  c'ffc cji iA'CJici's  yovnuirtci  for  iirnctical  doviccs.  Tlic'y  have  boon  callc'cl 
"ovonic",  aflcr  ihcir  invcrntor,  S.  K.  Ovshinnloy,  and  (ho  pixscnl  paper  is 
corfii'.cd  to  devices  and  dcvice-IuX'  siruclurcn  of  (hlc  kind. 

The  fir.sl  swilclios  v.’cro  made  by  coaliny;  !ji;nip)utc  clectrodc.s  will) 
chalcogenidc  p;las.s  layer.s  and  pre.^nsing  them  (ogclher,  Experimcnial  .speci¬ 
mens  are  .still  made  in  (his  way,  but  this  is  not  the  manner  in  whicli  tlie  de¬ 
vices  arc  :d  all  lilioly  to  find  their  most  imporimil  applications.  Modern 

switches  are  pure  tliin  film  devices,  of  liio  genci’a!  type  shown  on  Fig.  la. 

2 

In  this  form,  as  many  as  2ii00  can  Ik  acconiinodatcd  in  an  area  of  G  cm  , 
aiii'l  the  method  of  their  dcpo.sition  is  fully  comimliblc  witli  normal  integrated 
circuit  lechniqi’os.  It  is  obvious  ihat  the  small  .sine  of  tlie.nc  switclios  im¬ 
plies  certain  power  liinitations  wliicli  must  bo  borne  in  mind  by  the  user  and, 
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for  prosciita.tion  at  the  h’ro-ojrean  Semiconductor  Device  Re.noarcli  Con- 
fereneo,  Mnnieli,  kl.nch  lO’il. 


of  (•oiM  ';'.',  l)y  11. t’  i i'Oilor  of  ili''ir  ))rojK’rlico.  J'Jopo.'jil ion  of  the 
amorji'ioi';:  fil!!i:  can  !;  '  .iccv)n,])lislie'.i  1  y  f]ac;h  ova jxu'at inn  cn*  yjailinriii!;  of 
(he  I  U'c! ode  r,  of  I'u'  cl;:!  joycniif'c  |';laSH.  The  p;  la  a  see.  used  a?'0  4- 
conijanu'nt  o c  (M'cu  f)-curi)i  >.iont  niixfiiro.s  of  Clo.  Si,  Sc,  S,  As,  To,  In,  do. 
For  c'W'J'V  :  )  'clio  of  c  ni-ioouc'nfn,  Ua  re  is  a.  eoinpos.ilion  JMny.e  wiiliin 
v.'hicli  in:;' oj’i  ; ! :■  Uinl  to  l.;o  (:)'y:.'>ta!li!U'  or  at  .lOas.l  partially  ordered,  and 
ano'lier  vdllnn  '.d'.icli  they  lord  (o  be  r  nan-pdions.  Wo  laiov.'  now  tint  Ihoro 
can  1)1'  no  ch  ic-;  l,)Oiinc';'_r\'  bc  twi'n  il'cse  ranyos;  whether  .soniotliinp’  is  dc- 
pos.i'od  ir.  or  cry.str  Iliac  form  depends,  ainony.st  otl'icr  things,  on  the 

r.ile;  of  eocjling. 

As  far  as  eledrical  cl’.ar;;cteristi(ns  are  coiiccrned,  the  devices  can 
1)0  inrd.o  in  t'.vo  rt)eins,  called  llirerhokl  .‘'witcln;,'''  and  jnoin o)'’y  s\wtchos. 

Tin  ir  charr.cl'ri.dlcs  ajo  shown  on  Figs,  lb  and  Ic  respcicti\  o!y.  For 

i  n  r 'J  i' 1  P  J  .K)  l-’. Oi.v,  iu'CaS  <1  JiMttiWail  V»’hl.Ch  i.s  highly  L'tablc 

in  the  glassy  stCvto;  tor  ineniory  switclu-s  one  which  is  close  to  the  boundary 

of  l)!j  '’.la,;isy-i'rystailine  composition  I'ango.  The  process  of  conijx).silional 

optimiaation  must,  of  course,  concern  iti^elf  not  only  with  performance  but 

also  with  nn'.nujp, (during  con.'islency  and  working  life.  The  materials  u.sed 
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have  low-field  I'ooin  leiu'peraturo  rcsi.stivities  between  and  10  idem. 

Switching  phcnoniena  can  be  observed  over  a  wide  range  of  composilion-s  and 
can  Ihercforc  !)c  discussed  in  quite  genei'al  terms. 

It  has  long  been  Imov.m  that  tlic  ciiangc  of  a  memory  switch  from  the 
OFF  lo  the  ON  slate  involves  )  hu.se  transformation  of  a  type  tint  can  be  ob¬ 
served  on  bulk  specimens  of  the  .same  g]as.ses.  On  such  speciincns,  Irans- 
formalions  which  lead  lo  a  hirgc  increase  in  conductivity  can  be  brought 
alxnil  by  ixu’cly  tliormnl  irmans.  Accordingly,  it  was  at  one  time  believed  that 
the  ovonic  memory  switch  is  a  purely  thorinal  device.  Also,  there  is  an  ex- 
ten.sive  litoraiure  on  thermal  breakdown  processes  in  dielectrics,  and  it  was 
at  once  templing  lo  ascribe  (hre.sliold  switching  likcv.-ise  lo  purely  llionnal 
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proco.ssf;^'..  ('.())K.‘]u:"k)ns  n(v\v  IrPiovi'cl  (o  lio  TIk:  ]3t'C‘.sf:i\t 

].0|X'r  [','L\'or.  Kin-nniin-y  of  Die  rif^  fw  a:;,  llio  coalroN'crsy  h'-Lv/ocn 

ijierinal  ao'/.l  noii-th-.-i'inrJ.  iiiierp};olali.(!n;;  is  concernccl. 

of  Ivj.ornopv 

TiJO  i):isi.c  )  ic'clianioui  of  llic  r'lDViory  sv/ilch  i)ivo]\'os  aai  o)-ci(-ri)H>; 
procesrp  ia  (lie  coui-so  of  -'.vliirJj  )ajv/  (and  Idplo’y  conductive)  l'kcsos 

arc  also  formed.  Plic  ordorir,.-  jn’oco.ss  li.as  I'iccm  convi.ncinsdy  rjanii.loj'eci 
i.iy  difforcnli:tl  lltc'rn):']  a.irUj’sir  (G,  7);  ar'l  sucli  re.'  u^is  a.lso  cr})!:iiii  liow 
ihe  device  can  rciuru  from  the  Chi  to  liic;  ori'di;;!!  CY'""''  stale:  bv  Itcalina  to 
he  softciii!)!’;  ijoini  luid  sul.''S.''quo)!l  curmcliin;!;.  i.  accojnjjli  ;h.:d  by  a 

drarply  cut-off  pul.so,  th.o  power  beiipt  dissijc.tcd  not  in  tlic  device  as  a. 
wliole  but  in  ilic  fii;imG)itviry  cliojiricl  v.-iucli  is  Jmown  io  siisb.iiit  ihc’  ON  tmn- 
ciition.  bt  ore  clr'Je'^'p'eni.’e  adh''y,  /.•dl.''v  eo-v.’())'!-er‘'  (B)  iJc-i/dficci  the 

colJ:lllctL^'c  comjtoiicmis  inescmt  in  tlio  O/s'-staic  as  dcpanieiativo  GcTc  and 
metallic  To. 

There  is  no  doubt  th?d  .such  a  transfo’nu'.t  ion  laltes  phico  and,  in 
lital  seiise,  the  thermal  chaiactcr  of  tlie  memory  switch  has  boon  estab- 
li.shecl.  However,  at  least  two  other  proces.ses  have  come  to  li'^hd  which 
accompany  the  Iramsformation  and  v.’hicli  arc  not  thorm.al.  One  was  re¬ 
ported  by  Utreclit  and  co-workers  (9,  10)  whoso  e.xperi’nent s  were  performed 
with  wide  (e.  f;.  0.  !j  imn)  electrode  spacinps.  After  application  of  a  con.^taiU 
vollai;:e,  a  ",‘^1  roanmr"  was  .seen  to  move  slowly  fj’om  the  :inoc!o  to  the  ealliodo. 
It  v.’as  disliir-uished  from  the  rest  of  llie  material  by  its  rcfleelivity.  Voltapc 
reversal  before  coniplclioii  oC  the  proce.s.s  caused  the  .streamoi’  to  reverse 
its  direction  of  movement,  accompanied  by  a  now  streamer  emerpin;;  from 
the  (new)  anode.  Completion  of  tlic  proces.s  (streamer  reachiiy.i;  cathode) 
constituted  "huik-on"  of  the  memoi'v  device.  Only  tlien  w:i.s  die  ON  condi¬ 


tion  stable.  The  polar  nature  of  the  phenomena  nn.tuj’ally  su;p';e;ds  inlerprc- 
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{alioii:;  iii  (  ]. If.-i  ins  (11)  oi’  cli-c  ui  terras  of  an  "oloctrc/n  wiiid" 

(ill,  ]'•),  :i  pj’noc>,is  wliifli  in  balit’vc  (.1  lo  huvo  boon  i)i  a  wiricly  of 

in  ■ui.Dic  a!b);>. oul.  in  fTliajis  lea;:  fiimly  osinbl iahed.  At  this  liivio,  it 
i:-;  still  i!i'(.".TK;iii  io  v.'h'.’.t  ertont  irnilar  ])roccs;.‘.es  play  a  role  in  tlio  thin 
Jilin  rtmetui  clMally  urod  for  rioinory  f.V'itc’h  inn;.  On  tlio  othc'r  hand, 
it  is  cUffiiMlt  to  l.iolicvo  ili;a  tlu'y  jihiy  no  si<’;iu.fi(!anl  role  a.t  all. 

Th('  tithe.!'  roj  o.''!*'  (14)  oonr.orn.s  nicwiory  tranfiforniatiuna  iiy  nieana 
t)f  Insrr  l.n.irn.s.  fn  ouo  .'it  n.S(',  a  iiuh  cd  la.ner  lioa.m  is  inoroly  a  convenient 
way  of  dise.i]  .,tir.:;'  cn-  rjy  in  an  aino.riDiKiu.s  film  in  order  lo  firing  about  its 
I  i’.in.‘.iro.’'ini.(  iun  lo  tl.'O  nioi'o  condretive  (or,  in  the  present  content,  tti  the 
inoic  light  I'e.atierirg)  form,  bowever,  wlu'n  th.e  .situation  i.s  e.xarniiied  in 
deleil,  it  i.v.  It.und  il'  d  i^o  Iransf'.rn-iation  is  <grenl]y  accelerated  liy  the  pres¬ 
ence  of  li:,;iA  0';p...;c'd  to  heal,  presumably  ms  a  result  of  the  electronic  dls- 
etu  ilibritM!’.  '.i'l'is  twoe'esiou  v.'a.i  In  fret  derived  from  a  mucli  more  sopb'sti- 
calod  eajr'o'imcn',,  but  iis  conseout  nces  can  bo  .sirniily  .n  jire.sented  in  the  sche¬ 
matic  rnaiiner  sh.ov,  n  on  .l-'ig.  2.  In  this  highly  idealised  ar.rangcmcnt,  a  shaj’jily 
defined  la.'’er  hoam  would  produce  a  tcnipci'ature  profile  in  (he  aniorplious  film 
a.s  .siiown.  If  that  iirofilo  were  allowed  to  prevail  for  a  sufficiently  long  time, 
the  film  area  couvorled  lo  the  cryslalUne  fc.rni  would  be  considerrlily  larger 
than  tlie  area  actually  irradiated.  The  lime  involved  v/onld  be  of  tlie  order  of 
minr.te.s,  a.s  i.s  Imown  from  conversion  cxperiinent,y  witii  conventional  licat 
so'tirce.s.  in  conii'a.st,  laser  lioeting  achicve.s  tlie  convoiujioii  in  tinios  of  the  or¬ 
der  of  in io’osc conds.  Even  for  considerably  longer  liea.ling  times  (i.e.  long 
enou'di  to  guarantee  a  .stable  temperature  distribution,  but  sliortor  than  min¬ 
utes),  conversion  to  the  crystalline  form  would  be  observed  only  in  the  region 
actually  iri'adiated.  Cohen  (15)  Ix'.:;  suggested  Hint  tliis  is  due  to  liond-brcakini;’ 
l.iy  incoming  j’holons,  and  tlx'  resulting  incioasc  of  atomic  mobility. 

Tiio  mailer  i.s  directly  I'olevant  to  memory  switching  of  the  elec¬ 
trical  kin  I,  because  of  tlio  controver.sy  concerning  tlie  status  of  the  device 
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at  Uic  ])oinln  1\  ai,:l  P,.  (Ficj.  Ic).  At  lho:.c  p')inLa,  llvj  clc\’ic:c;  Jia.s  just 
compif.'lorl  a  slip;;.?  of  th}'C'.''lK'j}c!  awirclniu’;.-  ;\c/  oj'ciii':;  lo  (lujraial  llic'ori.os 
of  ll'irc'f.'Jiokl  av.'iiclihi;,''  (.'■■, of;  l^cJov,’)  Iho  .systcin  ia  Ihoi  IkU,  bi:!  iiol  ia  cJec- 
ironi.c  c]i;a.(jui.l.il;iruii'ii  \\’liC'rc;aS;  ac.cordinp  (o  ol(  ctroai.c  llicoric';;,  pross 
clocironic  diaoqi.ii li.br unri  iirovaiI;>  at  .Pj  aijci  P^.  brcli  a  dir-ecr,'.i librium 
cou.lci  cxplpjn  ',',’by  ilio  rnciuory  tr:  nsforiiia.i inu  vincli  follov/s  (if  !,u[f icicmt 
power  is  cIio;.:ipL;tc  cl  r,t  iho.ce  jjoirl.u)  in  r.o  nuu-li  fasu  r  iu  a  &v,'ii.cb'  biuii  it 
Is  in  Irallc  or  oven  in  ordinary  Ihiii  film  for’in.  Sucli  an  ar<’uinc)!t  cb,  )iol, 
of  course;,  constih't:;  a.  pj-oof  of  ibe  disequilibrium,  but  it  ]c!vJ,>  a  c;<..'rt:iin 
amount  of  suip.ort  to  the  ncni-tlioimal  intorpxotatioim  i5ui sued  fv.dO’,, . 


Thermad  T.ul e rp.ro ts. t io:m  of  TI.t;’'"  bold  Pwitchiro; 

Tlierimil  )'jU.rjji\,talioi;s  Ciro  )j'  ;-;ed  partly  on  aiialopies  Y.'ith  other 
Imo'W)!  imatnuc'S  c.m  rr  oisti'-ro  b.m  al.down  smd  p.iriiy  on  cr.l culatieni;.:!.  In- 
evitsibly  sucli  calcubitions  c  impMfy i)/”  assumptions  winch  jury  or 

may  !iot  l.;o  vilid  fo]-  the  devices  under  coji.oidc'ratioiv.  The  general  conten¬ 
tion  is  (IG-f'i)  that  sclf-iieatiiq;'  leads  to  Ibo  formation  of  a  hiphly  conduc¬ 
tive  filament,  a  process  \,iiich  can  occur  very  raiphlly  l.)e cause  of  inlioront 
positive  fecdlxach.  In  support,  Stoclccr  (21.)  and  ikarson  (22)  h.ave  demon¬ 
strated  the  cnistrmce  of  liic;]i  Icmpc.ratures  over  substantial  repdoms  of  their 
system.  However,  such  demonstrations  ))rove  no  more  than  tlnil  .soine 
dcvicc-lilcc  .'.:ystems  be  come  very  hot  when  eaces'-sivc  power  is  di.ssijxUcd 
Vsdlliin  them.  Gdicy  do  )iot  by  themsclvcm  di.riineiii.'di  bciwocn  cmu.se  and  ef¬ 
fect,  nor  do  tliey  prove  that  switcluir;  in  devices,  of  fully  commercial  de¬ 
sign  i.s  essentially  due  to  heating.  Frilasadic  and  Ovshinsky  (23)  fern  instance, 
luivo  shown  lhat  lhcrm:il  inierpretavlions  become  incrca.vingly  plau.siblc’,  as 
the  layer  thickness  inc.rc'ase.s  beyond  10/rm,  whorc;i.s  commercial  devices 
employ  layers  of  0.  7  to  1.  3 pm  thickness. 

A  number  of  .specific  arguments  and  demonstrations  arc  now  avail- 


I  Diili;',  !U’  v<’r_\  ,sl  )'{in;‘]y  (liorjiiMl  for 


■  ;uri  C.)v.‘.liiir.;l.y  i'-i-vo  oliovji  (hnl  tlio  sliort 
sv.  Kt.hiii;;'  linv  ;■  vil);'orv(.''i  (c. of  the;  orclor  of  n  iirnooocond) 
clc-  It.)!  ];"rn)ii  cwoi  :i  Oiin  fikuncii!  to  bo  hcLiicel  (o  lC'ni))ora- 
(uro.;  Y.'hbli  oon  bo  roconciU'd  with  llio  olrsorvtal  coiidoctiiiiCGS. 

]):  r.biii.-'.liitin-  ()iy;a)t!io(i.c:il)  filojnf'iit  diiurieter  doos  not  solve 
Iho  jo'obli'iri.  It  it'oreosc's.  tlu';  Icni j:)0).':j.biro  for  :i  jdvc'ii  pov/C'i' 
fli. too,  bib  aba,'  for  hir;'K!r  tcir!])oia(urcs  to  produce 

( oiiij  .1  j  .•■•blc  c.u,.  Ii.o lances.  The  ary-u.iriont  is  dope-udent  on  the 
nsseni])'. i(-t;i,  (h.'.t  Ih.o  net iv.'.tion  oncrify  Is  constant. 

Ido  Jo  end  V/:ir.''cn  (d,'.)  hove  .(oiuid  (Ird  (lio.viniii  llieorios  do  not 
]'  I  to  corr..'o(  ;',cMlinf;  of  ihi-c'shold.  voltiiao  with  layer  thic]':- 
no.s.'.i.  TJie  d.b.evt.'iajicies  can  be  roconcilod  by  assiimine,  lltat 
(hr;  cl:  ch'ica.l  bvih’:  conducLivily  i.s  field  dopendcnl,  but  .such  an 
nd  hoc  ar.su inijdon  v.'ould,  sccni  to  call  for  an  electronic  explana¬ 
tion  of  rlnio.st  yicat  in  coinidc.xity  as  the  switchini;’  proccs.s 
it, self.  Moroovor,  no  Ihonnal  mcjdcl  has  as  yid  reproduced  (ho 
observed  .swUcIiino,  chaiacteri.stic.s  as  a  function  of  teinp'''ra(ure, 
nor  has  any  yielded  a  V-I  discontinuity  at  the  minimum  holdin:;- 


curn  111  Ijj,  a.s  .slioivn  on  Firt.  Ic. 


b'y.slem.s  v.hic'i  are  'mown  to  be  thermal,  e.  g.  turnover  in  -pr-inl 

(  C  \  i  f  <■>.  C  f  , 

c'onlioul  diodtc.s  (25),  always  e.xhibit  a  V-I  loopwhicli  i.s  strongly 
fi'ociucncy  dojiond.ent  in  relation  to  tiie  thermal  time  constant. 

I3y  way  of  contj’asl,  the  loop  shape  and  area  of  a  tiireshold  switch 
is  almo.st  coiistanl  up  to  about  a  aucl,  what  i.s  equally  im¬ 
portant,  down  !o  aero  frequency.  It  is  true,  tliat  filament 
inalion  has  Iwcn  e.xiierimenlallv  established  in  the  laltci*  case  and 


jiol.  ill  ill  '  fornior,  but  v.lu'DiO)'  this  is  ii  critical  or  iiicic’cnuil 
difference  is  not  yet  fully  und( u-s'ood.  ludeod,  it  is  clonbtful 
wlu.'tlvir  (Ijerm:!l  l.u’c'ulidown  can  ever  occur  ivithout  filainent 
foruiation.  Idoroovcr,  as  far  as  is  known,  lliere  is  I’s  yet  no 
convincing  tlierjnodynaniic  jiroof  that  f.ucli  a  loop  is  jussililc 
at  aJl  at  aero  frequency  on  tln.nnal  j’  j'oundr’.  alone. 

(d)  The  switcliing  procc.ss  is  .statistical  in  character,  i.  o,  switch- 
iiqq  delays  at  a  {I'ii’cn  overvoltage  arc  subject  to  a  di.cir'bution. 
For  low  overvoltaycs,  lliis  cam  imply  lime  \-ai’ia.t'on  liy  a  factor 
of  2  or  so  (2G).  In  tJiernial  switciiinp;  modc.ks,  tlio  delay  is  a 
lieat inq'-uj)  jierio;!,  lUid  a  statistical  variation  of  switching 
times  at  a  con.stant  voUac';c  would  inijily  :  n  enorniou.;  variation 
of  switcliing  lornperaturos.  Wliilc  it  is  true  th:it  no  model  has 


its  yet-  a c.t. ' oi) j ji, I.M  ccn'iV'incinr'dy  Fs'  sucli  obscr’i 
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model  seems  peculiarly  unsuila.blo  I'ls  an  interi'.relational  frame- 
v.'orlv. 

(g)  Thermal  tlieorio.s  which  ni.ako  very  cliffereat  a.ssumptions  con¬ 
cerning  the  behavior  of  the  model,  o.  g.  as  regards  the  role  of 
the  contacts  as  heat  sinks  (18-20),  and  arrive  at  very  different 
eytim*atcs  for  the  maximum  temperature  reached  (varying  from 
20'’C  to  several  hundred  degrees  above  amlnonl)  noverllioles.s 
aebtevc  eciually  good  agreement  with  limited  sot.s  of  oxiicrimcntal 
results.  TJic  inevitable  conclusion  is  th:it  tlic  criteria  emjToyed 
arc  not  sensitive  to  functional  differences,  and  the  range  of  ob- 
servation.s  not  wide  enough  to  permit  a  critical  evaluation. 


(f)  Although  .switcliing  processes  are  ol)Scrved  on  a  groat  variety 
of  materials,  the  clinlcog;enjdo  glasse.s  a])pear  to  occupy  a  very 
special  po.silion.  As  far  as  i.-:;  known,  no  other  system  a])])ears 


lo  li:iw  ):  \  i'irc  ly  (I.'.’  I'.'uliii'O.s  \,'l<ieh  di;  tiiiy.iii.-di  il)'  ;:V,'i.lc]ii ii[’; 
pi  occ;  >  ;  ;ii  f';i  111.  Oil  :i  ilK'niiai  rmrhvl,  v,ii!i  only 

oiu'  1:  y  i  '  on: rc  nionl :  a  .nufficicni] y  lii:;)!  aclivalion  c,'n('r[!,y, 
ilk’  1  I'laUion  is  hard  lo  iiaJorstaiul. 

Ih’iii:  (,'h  .di  Ih’-jor  (dh,  IK)}  Irivo  hov.ai  ly;  means  of  a  "retro 
ddulilo  ti'ChnskU',  lital  llio  oncrgy  (li.ssiir.itcd  liy  a.  first 

Sv'.'ilc’  ie,  ;  jiali’c  (■'  )  ('  o'S  nol,  v/itiiin  Y.'idc  limits,  alTuet  the 
sY.'itcli.o.,,  p .  1  iime' era  of  a  :-''\l)SC'eiK*nl  ))i:lao  (B)  (0.  ll/.sae)  hitcr. 
On  tin  I'l’.i  r  liand.  ili'.'  tiiroshold  vollage  of  the  B-p’til: c  is  Ioyy- 
ored  U)i-  ii're  (.'cl:  yS'  up  to  "  1-2  i  si.e..  The  miperimenl  confirmed 
(21')  Ileal  .vilcliny  Ir’;:  afOvr  effects,  b’jl  demonstretocl  lint  those 
n''.'i“i.hc ’'’-nal  in  ch, iractc’r  and  arc  lli’MT'forc,  prcsurnalily, 
(’leel  i-oni.'-.  In  a  siniilcir  veay,  it  veas  sliov.m  (31)  lluit  vollae;c 
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iny;  ’i  v.'.)uhl  oreire.' ri ly  be  llu'  sv/itdiiny;  delay)  led  lo  a  sub- 
shiaitial  i-..';;iponem::i,t  of  sveii chirri;,  inexplicable  on  Ihorrnavl  (and, 
ind.ocd.,  i  ny  oil. or  n  m-polai')  p;rouncIc.  This  is  shov.’n  in  Fi:'^.  3. 
The  tele.  1  eneie.y  (Mssijntcd  before  switchine;  occurs  is  at  least 
50'’,.  biy.la'r  in  c:ise  (b).  The  results  of  jiulso  experiments  by 
llal.ierlend  (4)  like  v. isc'  proved  to  be  inconsistent  with  a  purely 
ther;:i;'il  liy imiiesis,  and  could  be  most  readily  interpreted  in 
terms  of  cinin^e,  radier  liian  oilier  operational  parameters. 

It  h  IS  1k'(  n  denion'-a  ralcd  (32)  that  the  nature  of  the  electrodes 
can  have  a  profound  effeo’l  on  swilcliine;  clnraclorislics,  even 
v/hen  meleidals  of  identical  thermal  properties  and  chemical 

I  i 1 1  1/  ^  'I  f'  'j  t-’ 

•interaorion  arc  used.  Tluus,  films  with  asymmetrical  electrode 
syslem.s  shov/  asymmet’dc  switchina;  characteristics  in  a  maniacr 
quite  inconsi.atont  v.dtii  thermal  intci’prolations. 


Tliosc’,  ill  nuiniiKtry  foi'iiij  are  the  ree^'Dis  wliich  lead  (u  the  ach)])- 
lion  of  iion-niernial  »\'.  iicliinLi;  nioac  lf:.  On  the  oilier  Iv  rd  it  i.;,  of  eourse, 
uncioniable  (hat  energy  in  l.'oii  ;j;  Cii'ir.inaled  in  the  dovieo."  and  tlial  the  ina- 
ioriala  are  hi'dily  tom jjaiailure  r.  naifive.  In  Hr'  circiijof.ieiu'.e''.  one  v.'ueki 
o>;p''cd.  that  luniliivi  v/onld  [^ive  riac  to  romc'  doniorjal i’al;je  aide  cffeeis,  c\'('n 
if  it  doea  Moleccounl  fur  .s\vil.el)iie>:  iba'lf,  diic.h  aide  effc'eta,  amonriiir;'  to 
a  sinaJl  po',ver-dis;:l)ialion  dc;]'e!'.d.''i;t  rcdiKdic/.n  of  ih.rt-el'uld  volt;;;  ,  have 
been  idonlif'ij.'d  (30). 


Nun-tliornie  1  fnlernrei'diona  t.^f  'J'lircsliold  S'.Olehiii  '' 

J'.iodol.o,  ali':';it  in  Icr'd  five  and  qinJilaativo  are  a\'ai];;ble  which 

iiirn  at  an  ca'j.'la.nrdion  in  noii-tlicrnial  lerin.n.  'Phey  can  b.  divided  into  tv/o 
claaaes:  polar  and.  non-po.h’r.  Polaj-  in! erp}  elationa  (e.  ly  in  lerins  of 
Hp.acc  c)jr-:VP’C'  1  ior!  .'.  'jd  (j  ^'cnitu.: I  .'•p.iCO-t.h  •  o',  e'.i.d;-' jj)  eic  j.noei  jn’auj.i.l.)' 

in  iho  lov.’cr  Icinporatare  rnnyc.  fn  that  i-aiya  (.rou;;l,.ly  from  room  tempera¬ 
ture  down  to  the  limit  of  convenient  exi)erimcnl;itioi!)  j.oJarity  d^'pjcnderit  ef¬ 
fects  liavo  been  observed  (29,  30).  In  particular,  it  has  Lwen  sltown  that  the 
Gwitebinp;  parninotcrs  (and,  indeed,  other  feaUircn  of  the  V-I  characlcri.'-.tic) 
depend  on  the  ];olaa’ily  of  voltayo.s  (whether  .switch iin"';  or  not)  proviomily  ap¬ 
plied  to  the  .‘;y.slom.  Their  a.l'tcr-effcct.‘j  ))ersisL  for  a  few  micro.socond.s. 

The  direction  of  tlmce  cd'fccLs  is  cnialilativcly  in  harmony  with  a  double  injec¬ 
tion  space  charge  model  p.revinufdy  advanced  (2,33),  ami  .specifienlly  with  a 
predicted  .space  c.liara;c  rcveimal  c’uring  threshold  .switclhipp;  (Fiiy  4).  A  de¬ 
tailed  quant ita live  tiiuily.‘ii,s  Inns  not  yet  been  possibie,  but  ordor-o.^-mapr.itudc 
ap;rcement  prevails  between  the  total  charge'  injected  duidii;;  the  swil  chine;  de¬ 
lay  and  llio  total  number  of  traps  believed  to  be  present.  The  polarity  efl'cct.s 
arc  experimentally  sipnificanl,  but  not  so  ))roiiouiu'ecl  a.s  to  siiiqy'st  that  they 
arc  in  solo  control  of  the  .switchiir’;  process.  In  the  ab.sonce  of  calculalioins 
this  is,  of  course,  an  intuitive  judp-ment,  but  it  is  bolii'ved  tluil  the  lum-i^olar 


]i)cc)i',Tii.;:’i  '.‘.h.ic'ii  ii'  c'.’Ldonl ]y  ;:ciivo  rit  room  lomjjora'oiro  and  ;!bC)vo  is  not 

K'ly  in.'iclivc;  id  l^nv  lciri]'!;,;r;iturc'.s,  JJcnvovcr,  llu;  pjaxioinLiialing 
mcc'.n  nii.o'.i  of  .I'cacliiny;  (lie  (lir(a;hold  )xnnl  ajipci’.i’f:  io  cdianivc;  wLlh  loinpora- 
luj'o.  A  rymjdoin  o'  ihir,  can  be;  ioniid  in  llu'  lomperaluro  dcporalonco  of  Ihc 
])rc  -ihroi'ho:'!  \'-]  tdiaraclcrinlic.  Fii^^uro  [)  nlio^vfi  Oiin,  as  [;'i.V'n  by 
i'datasc);;'  (ffl),  A1  lii-.’h  l(nni3;;r;'(urcs,  (ho  Ihrcshold  p'oint  in  a))p.voached 
;i];;iosl  rly,  id  lov;  loini30i’;‘,iuros  very  non~).i.nL'ai')y. 

'.Idio  abo','0  o'osoj’valions  crai  be;  fnierjU’ctcd  by  (invifr'giny;  oj’io  cri- 
loj’ion  fo)'  iao  throslu)!;.!  iioint,  taid  two  didfcranl  mcclianisina  of  rca.ehlnf;'  it. 
The  lliJ'o;-''oM  criloi'ioa  is  taken  lo  bo  that  cojidU ion  under  whie.li  all  space 
char{';e.s  in  llio  rnalorial  a.i'o  eliminated  tliroi’ph  11m  inidiial  neu( raliaation  of 
(’lof'.t]'o  1  r'ii  i  liolo  (imps,  it  l^einy;  iirmuinod  dial  electron  and  liulo  traps  arc 
])!'c  ::cn:.t  in  oiioal  coi'.eonlralions  (2).  Sued)  ;i  nioc’ol  is  ;uip]}ortcd  by  the  Cohen, 


j'j  111.-  V.J \ . j '  1 1 i I. ■  oati^i  ii;v’C3iy  (t>0/  oj  aiUorj)i>eiur.#  i.<e'miecn>ai<clovSi  .tiu,,* 

r.ulomalic  cajualiiy  of  electron  and  hole  traps  is  one.  of  Ihc  essoitial  j^eaturcs 
of  this  theory,  wind!  was  origin.illy  put  lorward  not  in  the  context  of  threshold 
switching,  but  in  order  lo  explain  the  electrical  and  oj-ilical  properties  of 
amoi’phous  ceiniconduc.lors  in  bulk.  Neutrality  (a)\d  thus  conduction  free  of 
spaco-cha rpo  control)  would  prevail  if  all  electron  tr:ips  (effective  at  the 
Icniperalurc  concerned)  were  full  of  electrons  and  all  hole  traps  full  of  holes. 
This  stale  of  affaire:  can  indeed  come  about  in  two  ways,  of  which  o.nc  is  more 
lilcely  at  lo\V  and  llie  oilier  moi’o  likely  at  high  temperatures.  At  low  tenipara- 
lures,  eaiM'ic)’  tiTiiipini);  is  effective,  and  Ihc  screening;  mechani.sin  is  not. 
Space  charpc.n  are  tlius  likely  lo  bo  (  stablislied  near  Die  electrodes  as  a  re- 
.sult  of  carrier  injection,  This  can  be  readily  understood  by  reference  to 
the  considc'rations  of  van  Roo.sbroeck  and  Ca.sey  (30)  concerning  materials  in 
wliich  the  dielectric  relaxation  time  is  much  longer  than  the  non-equilibrium 
carrier  lifetime.  Tliesc  cii’cuni stances  certainly  prevail  in  the  materials 
insed  for  switcliing.  V/illi  increasing  applied  voltage,  these  would  eventually 
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ovc]  ]:i))  pr'l  nculjrJii'-c  e:u:h  oUior  (liro'.'i'iioul  of  t)'/.'  h/.i]];.  Such 
n  )-jiccl):nii:;j';i  io  l)olicv(f!  (o  1):..*  fhr  Oi'icJji  of  Ihc,  jjofurily  f'lTocl.s  )U‘''iif iou'cl 
:il.K)\’o.  Tov/nrcls  tc'ini'jr.’VC.lUi'OP  •inaco  churcT;  fO/ur;:it ion  •.•/(nilcl  \  v- 

c.njnf  uniii'.cly  bocriu.ou  (jf  n\()rc'  th'iioicnt  r:c.)-t  cnjioy,  'Dii.s  irnuino  tlinl  llio 
could  bocornc  oi.llicr  rnj.-onr;Ii  i’.joclion,  ('r  (hroiiyh  lic  Li¬ 

as, si.olo'l  hopijiu;-;,  a;.’  ]).'0por.od  i\v  /’ril/cclic;  a),:’  Ov;i!ii.n;'';y  (.3)  or  tlirou.c;!! 
britli  inotdiuni  JiiiSj  v.  L '>ou|  uj'.nco  ch;))'[':o  fo)  in:,.!io)i.  A  )riodol  ))>■  :o!t  (;-J7) 
C)‘n;-)lnf.:i./.C'n  llio  pose  ii.'i lilies  lor  ii'p'V'U't  ioui'/.ul  i'.n'),  ospcciuDp  in  \  r  w’  of 
the;  fact  lliu.l  the  j’  inobiJiiic.';  arc  he  lic\X'd  (o  inru'cncr'  will)  incrcasiipi 

ci)crj;;y.  Imi  acl  iojfiA'Iion  v.ould  croa.lo  free  clr..3/;o  caD’io.ios  iiucl,  alljoit  in- 
clircclly,  NvC'Uld  also  !j;.d  to  Ij  ap  filliiy.-;. 

Ill  accordance  wIlli  Ihc  ai Ir.io  acivc.nccrp  the  nolic.n  of.  two 
inecliuni.'mis  a.ri.sos  nulurally  frcin)  the  C-.i'‘-0  l  :'ncl  tJjOO’y.  In  a  .c'inii.lcr 
^vay  one  c-ni  onph’ir  th\  •o'b,  O  nn.:'  nf  a  siinridy  di'fin.  d  ininijnuin  lh;'e'd)r>lc’ 
oiun'ont  v.hicli  diniini.  bos  increasing;  airii.dent  icnij.'OK^lu re  a.;:;  ob. -lorved. 
If  tlin  trap-niled  sl:ile  i.s  lo  be  niaii)ia.in(;d,  iliis  must  be  done  ap.'iinst  llu.' 
prevailing'  .I'oceniliin  vt  ion  niocliaiii.-nu.  A  inininuun  enrrent  cicin'ity  (h  ji^e- 
lion  rate)  i,s  iicces.sary  to  do  this.  When  tlr:'  current  ful.l.-;' beloV'.'  lhi,‘  value, 
rcconibinntion  wins  and  the  traps  cnijity.  The  effective  (rains  are  tho.se 
whicli  are  (a)'A  illun  the  conduction  filament,  and  (b)  deep  enough  not  to  be 
tliernially  ionized.  Condition  (b)  iniplie.':  lliat  tlioir  number  diminisho.s  v.’iih 
incrc.-’.sinn,  teniiier.'vtu.Tc;  therefore  tiio  cuiTenl  density  recynii'ed  lo  heop  them 
filled  should  likov.’ise  diminish.  It  is  believed  that  the  fil.einent  diameter  in- 
c.rca.sc.s  with  incrca.sin;!;  OK-cis’rent.s  (20,30).  Whiy  a  filament  is  formed  in 
the  fir.st  )il:.tce  is  anollier  issue,  and  the  actual  caimc  is  not  yet  known.  Tlie 
formation  might  indeed  bo  Iherma.lly  initiated  or  else  might  arise  from  es¬ 
sential  plasma  relallonshljis. 


i.  1)0  11.  il  tlic!  j:u'i’.'0jil  inl(.'r])"o(:'.lions  ol.'  sv/Ucliiii'^' 

'na  in  I’.oioriilio'.i.s  i  .■;jii,c('i!'ir'f'<orf;  I'oly  heavily  on  fin;ilo;_;'iCf)  with 
oryi'.'oillino  iinilorial;,;.  It  may  ho  llr't  Ihcec  imaJ'jgioH  \vill  (‘ontinvic;  lo  Ixi 
.'un.fa liiccl  I','.;  more  OMjierin.:i.-ntal  ovidc.iioe  boc.onion  available.  On  (lie. 
olln  r  li'mcb  ilie  c';an.  rien''e  v.  iih  i^ulk  iiroiiei'tiof;  (n.  p;.  confJicling'  ‘.:i:.’;nr!  of 
lli(';.’n'i.)--))Ov;o'”  'me.  "  'll  e;;ec.i)  .Umcho  one  (o  l.ieli.'.\-e  tliat  nncli  intei'imela-- 
iiom.i  of  .ewiteliLn;'-  v/iil  not  nliimatcly  prove  nati.  -.ra -.lory.  '.’"M-ey  wil)  eor- 
laJnly  lia.vc  ki  be  rcvh'wed  in  llio  liy;!)!  of  new  in;.:m,hf  into  tlio  inoanin;;’;  of 
band  con(;e):t.a  n.'r  ainoi'p’' om-  nmiooi.”’:':  end  the  niynificance  of  tran.‘^))cn’t 
relai ionniiitee  in  ih..;  pres-,  jiae  of  vci-y  nJ.ow  (iicleei  ri'’  rclanaiion.s.  Anollier 
inf.mo  in  neof!  o.i'  {'Irrii'ic.-t ion  coiieorin-)  (')io  cliffe.i  'neon  bclwc'cn  "tliiek" 

(c.  y.  10//.  or  n.oro)  lur.l  "iliin"  (o.  .f!;.  l/t)  switchen.  In  tin'  hj.rinrir,  Ihernial 
efft.'.  t.'j  .'ii’o  1.  to  pl-.y  a  yrcaier  roie,  'bin  liio  ev;ivc)iii\-'  eiiaractori;;ii,c:,‘j 

of  tiiin  and  iiii-b  mvilc'he.s  are,  eupro  fieially  nl  any  ralo,  ve.''y  similar. 
D:)in;]e  pulro  cryarinionle  of  the  i;ino’  reforrod  lo  above  liave  not  yet  been 
performed  oi;  thic);  .'iwi Lclic.'D.  Ideani.’hilo,  lhe.ro  arc;  al.no  nia.ny  probiernn 
of  an  ope' rati  oral  jiaturo  whicli  call  for  urj.;ei;i  avieniion:  the  nucloation  (if 
iiny)  of  the  conversion  proeo.ss  in  moinory  swilciies,  the  incclianisni  of  li^.tht- 
acccloj'atcd  oiderinc!,',  the  real  caune  of  filament  formation,  the  craict  nature 
of  the  OM-slaic  of  ihrceljold  .switches  and  tlio  role  contact.s  under  those  con¬ 
ditions  ))lay,  lailure  mochanism.s  and,  on  the  porutivo  .side,  the  exploration 
of  thrcc-lcrininal  Gvolcm.o. 
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